Monitoring the engraftment of donor cells after allogeneic blood stem cell transplantation (BSCT) may be important for the early diagnosis of graft failure or relapse of disease. Several techniques have been reported for this purpose. PCR-based assays analyzing polymorphic short tandem repeat (STR) markers are attractive because they are sensitive and can be performed rapidly. The intent of the present study was to test a novel approach for the quantification of mixed chimerism using a commercial multiplex STR assay with fluorescence-based detection for forensic purposes. The feasibility of this assay and the accuracy of quantitative results was tested using serial cell mixtures of unrelated individuals. Sample preparation was optimized to obtain information from minute amounts of starting material, eg from patients with aplasia or from sorted cell populations. Using the STR-PCR, discrimination between donor and recipient was possible in all patients analyzed (n = 25). Cell dilution experiments showed a linear correlation between the cell numbers added and the proportions found, with the limit of detection for a minor cell population being 5%. Comparison of values obtained with standard FISH analysis in patients transplanted from sex-mismatched donors showed an excellent correlation with the STR-PCR results. Taken together, this procedure allows the rapid, versatile and accurate quantification of mixed chimerism, even with minuscule numbers of cells. Keywords: chimerism; short-tandem repeats (STR); quantification; PCR; fluorescence detection Allogeneic blood stem cell transplantation is frequently performed in patients with nonmalignant and malignant hematological diseases such as severe aplastic anemia (SAA), severe combined immunodeficiency (SCID), acute and chronic leukemia and lymphoma. Detection of the degree of chimerism after transplantation is an important method for monitoring the engraftment of donor cells and allows early detection of graft failure. This seems to be especially important in patients at risk for graft failure, ie patients Correspondence: C Thiede, Medizinische Klinik und Poliklinik I, Universitätsklinikum Carl Gustav Carus der Technischen Universität, Fetscherstrasse 74, 01307 Dresden, Germany Received 12 September 1998; accepted 4 January 1999 receiving T cell-depleted stem cell grafts from unrelated donors.
receiving T cell-depleted stem cell grafts from unrelated donors. 1 In addition, novel therapeutic approaches like nonmyeloablative stem cell transplantation 2,3 are dependent on rapid information on the degree of mixed chimerism to schedule therapeutic interventions, eg donor lymphocyte infusion (DLI).
Several approaches have been published for the detection of chimerism. In sex-mismatched transplantation settings, information on the ratio between donor and recipient can be obtained efficiently and rapidly by using fluorescent in situ hybridization (FISH) with probes specific for X-and Y-chromosome. 4, 5 PCR-based amplification of a single variable number of tandem repeat (VNTR) or short tandem repeat (STR) markers is another frequently performed method. [5] [6] [7] [8] STRs are highly polymorphic di-, tri-and tetranucleotide repeat sequences, which are interspersed throughout the genome. 9 The use of these markers for assessment of chimerism has the advantage of being independent from sex mismatch and needs only very small samples. However, the methods published so far are often limited in their ability to discriminate between donor and recipient, and thus several different markers have to be tested in separate reactions. In addition, quantification of the degree of mixed chimerism is sometimes difficult, since many assays are dependent on dilution curves performed before analysis. STR markers have been used in forensic medicine for a long time. Here, commercial applications are already available, which have been approved for legal proceedings. However, these assays are not validated for quantitative analyses, which is especially important in the post-transplant situation.
We tried a novel approach using a multiplex PCR amplification of nine STR loci and the amelogenin locus. The applicability of this method not only for detection but also for quantification of mixed chimerism after allogeneic BSCT was tested. Linearity and sensitivity of the assay were analyzed using cell dilution. In addition results obtained in patient samples were compared to values obtained using standard XY-FISH in several patients transplanted from sex-mismatched donors.
Patients, materials and methods

Patient samples
Peripheral blood or bone marrow samples were obtained from 25 patients undergoing allogeneic blood stem cell transplantation. The corresponding donor samples were obtained from the donor directly or from the graft. Diagnoses are listed in Table 1 . All patients with a sex-mismatched donor were analyzed in parallel using conventional two-color FISH. For routine STR and FISH analysis, 10 ml of heparinized peripheral blood were used. For cell dilution experiments, buffy coat samples of unrelated blood donors were used.
Fluorescence in situ hybridization
FISH analysis was performed on mononuclear cells (MNC) prepared by standard cytogenetic techniques including hypotonic KCL-incubation (37°C for 20 min) and fixation steps (acetic acid/methanol 1:3). Interphase FISH was performed according to the manufacturer's recommendations using the CEP X SO/CEP Y (sat III) SG probe set (Vysis, Stuttgart, Germany). Best results were obtained by denaturing the probe mixture at 73°C for 5 min. For the posthybridization wash steps the formamide wash procedure was used. Every attempt was made to analyze at least 500 nuclei.
DNA extraction
Two different methods for extraction of genomic DNA were used. DNA was extracted from white blood cells using the conventional phenol/chloroform procedure. 10 Briefly, WBC were separated by dextran sedimentation and hypotonic erythrocyte lysis. Separated white blood cells were digested overnight with proteinase K (200 g/ml) in /l WBC, all cells obtained from 10 ml blood were used. DNA derived from samples containing less than 1 × 10 9 /l WBC was dissolved in 50 l of 10 mm Tris, pH 8 and 0.1 mm EDTA to increase the concentration of the DNA. Accurate quantification of the DNA was found to be a critical step. Using too much DNA (Ͼ10 ng) for PCR resulted in off-scale peaks (see Results). Several precautions were taken in order to achieve accurate DNA quantification. DNA samples were incubated at 60°C for 1 h to achieve complete solution of the DNA and were mixed rapidly to avoid non-homogenous solutions. DNA was then dissolved 1/20 in TE buffer (see above) and quantified using standard UV-absorption at 260 nm in a GeneQuant II Photometer (Amersham Pharmacia Biotech, Freiburg, Germany) using a 70 l cuvette. Samples with measured DNA concentrations exceeding 100 ng were diluted 1/10 in TE buffer. All samples were then diluted to a final concentration of 0.125 ng/l in TE buffer. From small samples showing no measurable DNA using UV absorption, 10 l of the original sample and a 1:5 dilution were routinely used for the PCR, which resulted in good quality amplifications in more than 90% of the samples. In the case of sorted cells, the starting number of cells prior to DNA extraction was used to calculate the amount of DNA for the PCR. The DNA elution volume in the column extraction step was adjusted, in that for below 1000 cells 30 l TE buffer were used, between 1000 and 1500 cells 40 l and between 1500 and 10000 cells 50 l, respectively. An aliquot of this eluted DNA corresponding to about 300-500 cells was then taken for PCR amplification. For all samples with cell numbers below 1000, 10 l were used.
FACS analysis and cell sorting
After density gradient centrifugation (Lymphoprep; Pharmacia, Freiburg, Germany) MNC were stained with FITC labelled MoAb CD3 (Coulter Immunotech, Hamburg, Germany), MoAB CD4 (Dako, Hamburg, Germany) and appropriate isotype controls. Sorting of CD3-and CD4-positive cells was performed on a FACS Vantage (Becton Dickinson, Heidelberg, Germany). DNA was extracted from 200-10 000 sorted cells and subsequently used for STR analysis.
STR-amplification and gel analysis
PCR was performed using the AmpFlSTR Profiler PCR amplification kit (Perkin Elmer, Weiterstadt, Germany) as recommended by the manufacturer. Briefly, 1.25 ng of DNA were subjected to PCR in PE 9600 or 2400 thermocyclers (Perkin-Elmer) in a final volume of 25 l. The tetranucleotide STR loci amplified in this reaction are: D3S1358, 11 vWA, 12 FGA, 13 (all labeled with 5-FAM); TH01, 14 18 (all labeled with NED). In addition, the amelogenin locus was analyzed, which discriminates between X and Y chromosomes (labeled with JOE). 19 The cycle conditions were: 95°C for 11 min, followed by 28 cycles with 94°C for 1 min, 59°C for 1 min and 72°C for 1 min. The final elongation step was 45 min at 60°C.
Separation and detection of the amplified PCR products was performed on an ABI 377 automated DNA sequencer (Applied Biosystems, Weiterstadt, Germany). A denaturing polyacrylamide gel containing 1× TBE (Gibco BRL, Eggenstein, Germany) 6 m urea and 5% Long Ranger gel solution (Biozym, Oldendorf, Germany) was used. To each sample an internal size standard (Genescan ROX 350, ABI, Weiterstadt, Germany) and a formamide loading dye solution was added. After denaturation, 1.5 l of this mixture was loaded on to the gel, which was run for 2 h with 3000 V, at 51°C. The analysis of results was performed using the Genescan 2.1 software (ABI).
Calculation of mixed chimerism
The calculation of the degree of mixed chimerism was based on the assumption that the DNA present in the sample should reflect the corresponding cell content and that the alleles of donor and recipient should amplify accordingly. We determined the ratio of donor and recipient by calculation of the proportion of the peak areas corresponding to donor signals as compared to the sum of peak areas of the donor and recipient signals for each STR marker. This could be most easily performed in those cases with only one or two distinct signals for each, donor and recipient (Figure 1, I ). In cases where donor and recipient were heterozygous for one STR, but shared one allele, only the unique allele was considered for the analysis (Figure 1, II) . A more complex calculation was necessary in those cases in which one individual was homozygous for one STR and the other individual was heterozygous, but with one allele shared, leading to a homozygous/heterozygous fusion peak. To obtain the pooled area for donor and recipient, the area of the heterozygous peak was subtracted from the fusion peak, assuming that the other allele of the heterozygous allele had about the same height. The remaining area, which should correspond to the homozygous peak, was then divided by two, which should reflect the area for one allele of the homozygous STR. The donor/recipient ratio was then calculated by dividing the area of the heterozygous peak by the sum of this peak and the calculated value for the homozygous allele (Figure 1, III) . The accuracy of all these peak constellations in reflecting the actual donor vs recipient ratio was compared in the cell dilution experiments.
Results
Sample preparation
Extraction of appropriate amounts of DNA from patient samples may be difficult in cases with less than 0.1 × 10 9 WBC/l, for example in the early post-transplantation period or during prolonged aplasia. When we started this analysis, the standard phenol/chloroform procedure was used for DNA extraction. However, in many samples with low WBC counts, insufficient material could be obtained, most likely due to high losses during the extraction. In looking for alternatives we found a column-based procedure using silica membranes effective and easier to perform. Using 10 ml of peripheral blood sufficient DNA was obtained from all samples. We looked for the lowest number of cells which worked in the assay. Using the column-based procedure, an appropriate STR profile was obtained when 500 cells were used for DNA extraction. Since the DNA was eluted in a volume of 30 l, and 10 l were used for STR-PCR, this amount of DNA was sufficient for three experiments (data not shown). When using FACS-sorted T cells, DNA extracted from 750 cells was found to give accurate signals.
We also looked for the optimal amount of DNA for the STR-PCR: quantitative results were obtained if the amount of DNA used was between 0.5 ng and 5 ng. Addition of sample DNA amounts exceeding 7.5 ng led to off-scale peaks, whereas amounts less than 0.3 ng yielded invariable peak heights, although signals were detectable down to 0.04 ng DNA. Thus, for the standard procedure, 1-2 ng of DNA were used in the 25 l PCR.
Cell dilution experiments
We performed dilution experiments by mixing WBC obtained from buffy coat samples of 10 unrelated individuals (four female, six male) in seven different experiments in order to test the linearity, reproducibility, precision and sensitivity of the STR-PCR for quantitative assessment of mixed chimerism. We used cell dilution in favor of mixing DNA in these experiments, since this reflects the clinical situation more appropriately and because accurate quantification of DNA samples may be difficult, whereas WBC counts can be performed much more reproducibly.
In order to simulate different clinical situations, 10 dilution steps covering the whole range between 0 and 100% were prepared. Figure 2 shows the electropherograms obtained in one representative experiment for the NED labelled alleles D5S818, D132317, D7S820. In Figure 3 , the ratio obtained is plotted against the actual cell dilution for one experiment. A linear correlation was found between the proportion of cells mixed and the calculated ratio of donor and recipient according to the peak areas of the corresponding signals with a correlation coefficient of r = 0.999. This experiment was repeated three times with a median standard deviation from mean of 0.9% (range, 0.2-2.6%). Similar results were obtained in the other six dilution experiments. The median standard deviation from mean was 3.8% in these series, the median deviation of the calculated value from the actual cell dilution was 3.4%. We also looked for the variance between different kits. Using three different kits the median standard deviation from mean was 1.5% (range, 0.4-4.5%), which compares well with the results obtained when performing these analyses with the same kit (see above).
Sensitivity
In dilution experiments, a minor cell population representing 5% was reproducibly detected in several independent experiments (data not shown). Even below that, signals could be found, depending on the constellation of peaks present. Alleles for which one individual was homozygous could be seen down to 1%. Here again, the use of multiple alleles together increases the reliability of results, because of the higher chance of informative peak constellations.
Comparison of FISH data and STR analysis
To obtain information on the accuracy of the STR-PCR assay in the clinical situation, we compared these results with data obtained using conventional two-color FISH analysis in five patients. Figure 4 shows the results obtained in the course of one patient with SAA, who was transplanted from her HLA-identical brother. This patient experienced two graft failures after the first transplantation and was thus retransplanted twice. The comparison of the STR-PCR data and the results of the FISH analysis showed an excellent concordance, the coefficient of correlation for 17 samples assayed with both techniques in five different patients was 0.998 (data not shown).
Discussion
We wanted to explore the applicability of a commercial multiplex STR kit designed for forensic purposes in the context of qualitative and, more importantly, quantitative assessment of mixed chimerism after allogeneic blood stem cell transplantation. The idea was that, compared to selfdesigned assays, this approach would offer several advantages. First, the combined information of nine different STR loci should enable easy discrimination in almost every donor/recipient constellation. Likewise, in a total of 25 donor/recipient pairs, the median value of informative, ie different STRs was 8 (range, 2-9; Table 1 ). Second, this assay is commercially available and has been validated for very stringent judicial criteria, thus should be easy to estab-lish in different laboratories and will make results much more comparable between different institutions.
To evaluate the feasibility of this approach in the quantification of mixed chimerism, we tested the linearity, reproducibility and sensitivity in cell dilution experiments. In seven different series, a linear correlation was found between the number of cells mixed and the proportion of the corresponding peak areas found in the STR reaction (Figure 3) . The sensitivity of the approach for quantitative applications was 5%. Even below that, peaks corresponding to minor cell populations were seen, although the variability of the results increased markedly. We compared the variability of each single allele and results obtained when combining all markers with the absolute cell number. A linear correlation with r values between 0.980 and 0.999 was found for all alleles. However, we observed a significant variation of the results of each single allele. To solve this problem, we combined the information of all informative alleles, thus calculating a mean value for up to nine STR alleles. Using this approach, we obtained values with high accuracy and excellent reproducibility.
Results obtained with this procedure were also compared to data obtained with FISH in sex-mismatch transplanted patients to obtain information on the applicability in the clinical situation. These analyses were performed in a blinded manner. An excellent concordance was observed in this analysis as displayed in Figure 4 .
The sensitivity of 5%, which was reproducibly achieved, is in the same range as reported by others, 8, 20 but is much lower than that achieved with radioactive labelling (0.1-0.01%). 21 Nevertheless, this level of sensitivity and the possibility of detecting quantitative changes appears to be sufficient for most clinical purposes. Several recent publications have shown that long-term mixed chimerism at low levels can be compatible with disease-free survival 22, 23 and only increasing rates of host signal in states of mixed chimerism may indicate imminent relapse. 24 In addition, novel 
Figure 4
Comparison of quantitative analysis of chimerism using FISH and STR-PCR in a 14-year-old female patient with SAA transplanted from her HLA-matched 8-year-old brother. This patient experienced graft failure at day 35 and day 50 and was retransplanted after immunological reconditioning and TBI. STR analysis was performed on 32 and FISH on 46 samples during 131 days of follow-up. In 14 samples, analyses were performed on the same day. The samples taken at day 5 showed an obvious discrepancy (FISH: 66.7% vs STR-PCR: 38.5%). However, at that time point, the patient had WBC 0.1 × 10 9 /l, and only 33 instead of 500 interphase nuclei (see Material and methods) could be analyzed, which might explain this result. The coefficient of correlation between the two methods for the other 13 time points was 0.998. approaches like non-myeloablative transplantation 2,3 show that low levels of residual recipient hematopoiesis may even exert beneficial effects with respect to the incidence of infectious complications and GVHD. Once again, these data point to the importance of rapid, reliable and quantitative means for the assessment of mixed chimerism.
Advantages of the STR-PCR procedure compared to published procedures seem to be the high rate of discrimination. Furthermore, the use of fluorescent primer molecules enables reliable quantification without the need for additional densitometry. Two methods have been reported, using fluorescence detection for assessment of mixed chimerism, 7, 20 only one of which gives quantitative information. 20 This procedure was based on the amplification of single alleles, most of which have to be performed with different cycling conditions, thus greatly increasing the number of reactions to be performed and making pretesting necessary for obtaining the most informative marker. The high reproducibility and accuracy obtained by combining several markers for the quantitation in the assay described here avoids the necessity to prepare dilutions for all donor recipient constellations, 8, 20 which may be troublesome when pretransplantation samples are not available for both donor and recipient, or the amount of DNA is limited.
By using the modified DNA extraction procedure, the assay can be performed very rapidly, enabling the simultaneous preparation of 30 samples. Starting from the blood sample, information can be obtained in less than 1 day with about 8 h hands-on time, which is much faster than reported procedures. 25 Furthermore, this procedure offers the possibility of automation, an important argument for large scale applications. The quantitative information can be obtained with as little as 0.5 ng of DNA.
In conclusion, the procedure described represents an easy and accurate means for the quantitative assessment of mixed chimerism. The method will be especially helpful in monitoring patients undergoing transplantation from sexmatched donors.
